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We address the radiative emission of individual germanium extrinsic centers in Al0.3Ga0.7As epilayers grown
on germanium substrates. Micro-photoluminescence experiments demonstrate the capability of high tempera-
ture emission (70 K) and complex exciton configurations (neutral exciton X and biexciton XX, positive X+ and
negative X− charged exciton) of these quantum emitters. Finally, we investigate the renormalization of each
energy level showing a large and systematic change of the binding energy of XX and X+ from positive to nega-
tive values (from ∼+5 meV up to ∼-7 meV covering about ∼ 70 meV of the emission energy) with increasing
quantum confinement. These light emitters, grown on a silicon substrate, may exhibit energy-degenerate X and
XX energy levels. Furthermore, they emit at the highest detection efficiency window of Si-based single photon
detectors. These features render them a promising device platform for the generation of entangled photons in
the time-reordering scheme.
I. INTRODUCTION
The implementation of quantum states of light is at the
base of most quantum computation and quantum information
protocols:1–3 bright and high-quality single-, entangled- and
indistinguishable-photon emitters are a necessary resource for
quantum key distribution, quantum repeaters and photonic
quantum information processing.4–7 In the same field, other
important applications of solid-state quantum-sources consist
in the possibility to couple them with atomic vapours for the
production of quantum-bit based on slow-light memories8,9
or on electron and holes spin.10–12 Single photon emission13,14
has been demonstrated in several solid state systems such as
epitaxial and colloidal quantum dots,15–29 carbon nanotubes30
and single molecules.31–33
More advanced implementations of quantum states of light,
such as entangled photon pairs, can be obtained in solid
state systems, provided the binding of two correlated elec-
tronic states within the same nanostructure.4,15,20,26–28,34 Sev-
eral schemes for the generation of entangled photons have
been proposed for quantum dots. Most of them are based on
the neutral biexciton-exciton cascade XX-X: provided the im-
plementation of a spin-degenerate neutral exciton transition, a
maximally entangled photon pair can be encoded in the polar-
ization degree of XX and X photons. The requirement of spin
degeneracy can be satisfied for negligible electron-hole spin
interaction allowing to erase the which-path information in the
biexciton-exciton cascade. This kind of spin-degenerate state
has been implemented either as an a priori, built-in character-
istic of the nanostructure (like in Reference 26 where highly
symmetric and unstrained quantum dots were grown35–37), by
spectral filtering the photons having the same energy38 or by
tuning a posteriori the fine interaction to zero.20,25,28,34
A different protocol called time-reordering scheme, has
been recently proposed in order to implement polarization en-
tanglement in the emitted photon cascade (XX-X) from QDs
with arbitrary spin-splitting.39,40 This scheme is based on the
zero biexciton binding energy allowing to erase the which-
path information by introducing a posteriori and ad-hoc delay
of the XX-X emitted photons. The time-reordering protocol
relaxes the need of a perfectly spin-degenerate neutral exci-
ton state, but the condition of zero biexciton binding energy is
not straightforward to be realized, and this photon entangle-
ment scheme has not been yet experimentally demonstrated.
Still there are a few reports on QDs naturally exhibiting de-
generate XX and X states41–44 or on the possibility of tuning
a posteriori the XX binding energy to zero with an external
control.25,28,34
A second relevant route to obtain quantum light sources in
semiconductor devices in alternative to conventional QDs, is
related to the exploitation of extrinsic centers in III-V, IV and
II-VI semiconductor alloys.45–48 Single photon emission from
isolated impurity centers has been shown in ZnSe/ZnMgSe
alloys,49 tellurium isoelectronic dyads in ZnSe,50 nitrogen im-
purity centers in GaAs51–54 and in AlAs55 and with nitrogen-
vacancy centers and chromium in diamonds.52,56–61
Within this class of quantum emitters, some impurity cen-
ters (for example dyads complexes50,55) allow to confine exci-
ton complexes, thus leading to the possibility to be exploited
as sources of entangled photons. Nevertheless, for extrinsic
centers, the scientific literature on XX-X cascade is much less
flourished with respect to QDs and, for example, the pos-
sibility to obtain time-reordering has not yet been reported.
Among several interesting features, a peculiar properties of
extrinsic centers is the possibility to exploit them in indirect
band-gap based devices, such as carbon62,63 and copper64,65
impurity centers in silicon and carbon antisite-vacancy pairs in
SiC.66 This last example has been demonstrated to be a bright
single photon emitter at room temperature.
In a recent paper, we showed a hybrid III-V/IV-IV single
photon device based on extrinsic emitters in Al0.3Ga0.7As67
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2fabricated with a low thermal budget method on Ge and Si
substrates, thus providing a solid-state platform towards the
integration of quantum light sources in classical electronic de-
vices.
In this paper we firstly unambiguously demonstrate, by a
comparative analysis with samples grown in different condi-
tions, the connection of these latter extrinsic emitters67 with
Ge contamination of the Al0.3Ga0.7As alloy. Then, by a care-
ful micro-photoluminescence analysis we are able to imaging
a large sample region isolating a large ensemble of extrin-
sic defect and determining their density and pseudo-macro-
photoluminescence spectrum. We also perform a statistical
analysis of the excitonic complexes from these Ge-centers,
demonstrating the change from binding to anti-binding of the
biexciton XX and positive charged exciton X+ states with the
increase of the emission energy of the corresponding neutral
exciton transition X, thus opening the possibility to implement
a time reordering scheme for XX-X photon cascade exploit-
ing defects in semiconductors. We finally validate their pho-
tostability at high temperature and show a selective quantum-
confined-Stark effect as the main origin of the different in-
homogeneous line broadening of the s-shell bright states (the
two neutral states X and XX, plus the positive and negative
charged excitons, X+ and X− respectively). It is important
noting that the devices in use were grown on standard Ge sub-
strates and they emit in the spectral interval of highest de-
tection efficiency of most single-photon silicon-based light-
detectors.
The paper is organised as follows: in Section II we provide
a description of the experimental setup used for the micro-
photoluminescence (micro-PL) investigation and the sample
fabrication; In Section III we precisely address the origin of
the extrinsic centers as Ge related defects, comparing purely
III-V (Ge-free samples) with samples grown on a germanium
substrate. In addition we map the Ge-centers emission over
large areas thus enabling the precise isolation of the related
pseudo-macroPL ensemble emission. In Section IV the high-
power excitation regime is discussed showing the onset of
multiexcitonic and charged exciton features. We also discuss
the photostability at high temperature of individual Ge-centers
as well as the quantum confined Stark-effect originated from
charged defects in the surrounding semiconductor matrix. Fi-
nally, in Section V, we discuss the features of the binding en-
ergy of XX, X+ and X− showing the transition from binding
to anti-binding of XX and X+. In Section VI we draw the
conclusions.
II. EXPERIMENTAL: SAMPLE PREPARATION AND
EXPERIMENTAL METHODS
A thorough description of the device in use can be found
in reference 67 and 68 where first evidences of excitonic re-
combination and single photon emission were shown for Ge-
impurities in Al0.3Ga0.7As grown on germanium and silicon
substrates. The results found for the two different kind of sub-
strates are very similar and here we concentrate our attention
only on the Ge-substrate case. A scheme of the sample cross
FIG. 1. a) Bottom, sketch of the sample composition: 5 nm GaAs
(capping layer), 200 nm Al0.3Ga0.7As (active layer), 650 nm GaAs
(buffer layer), Ge (substrate). Top, scheme of the optical apparatus
used for PL experiments. b) SIMS measurements on the investigated
sample. Ge (left axis, calibrated), Ga and Al (right axis, not cal-
ibrated) ions concentration are plotted in a logarithmic scale as a
function of the milled depth. Shaded areas highlight the different
layers.
section is given in the bottom part of Fig.1a) (this sample will
be denoted as Ge 580 ◦C in the following).
As references, we grew two test-samples with similar pa-
rameters of those described before but on conventional GaAs
substrates and, in one case, also using low temperature growth
in order to facilitate possible Al clustering. For the first test
sample on GaAs we grew a 200 nm Al0.3Ga0.7As layer at 580
◦C for the first 100 nm, 400 ◦C for the central 30 nm and again
580 ◦C for the last 70 nm (this sample will be denoted as GaAs
400 ◦C in the following). In the second test sample the tem-
perature was set at 580 ◦C for the full 200 nm Al0.3Ga0.7As
thickness (this sample will be denoted as GaAs 580 ◦C in the
following).
For micro-PL experiments the samples were kept at low
temperature in a low-vibration liquid He-flow cold-finger
cryostat which in turn was mounted on a stepping mo-
tor translation-stage for scanning the sample surface. A
schematic view of the experimental setup is shown in the top
part of Fig.1 a). More details are given in reference 67 and 68
In the case of the Ge 580 ◦C sample, the Ge concentration
versus depth profiles was measured by secondary ion mass
spectrometry (SIMS) with a Cameca IMS 7f microanalyzer
(the Ge detection limit was estimated in ∼5 × 1016 cm−3).
A 10 keV O2+ primary beam with a current of 600 nA was
rastered over a 150×150 µm2 area and secondary ions were
collected from the central part of the sputtered crater. The
intensity-concentration calibration was performed using Ge
ion implanted samples as a reference. The conversion from
sputtering time to sample depth was performed by measure-
ment of the crater depth using a Dektak 8 stylus profilometer
and assuming a constant erosion rate.
The results of SIMS measurements are shown in Fig.1 b)
in a logarithmic scale as a function of the milled depth. A
3large Ge concentration is found in both the GaAs buffer and
Al0.3Ga0.7As layer, denoting a Ge diffusion from the sub-
strate into the MBE grown layers. Here the Ge contamina-
tion reaches the value of ρGe ' 1017 cm3 (not very different
from the values reported in references 69 and 70 for similar
samples), sufficiently large to form an impurity band. Indeed,
according to the Mott criterion for GaAs, the critical doping
nc to form a band (defined as aBn
1/3
c = 0.25, where aB is
the Bohr radius), is nc ' 1.3 × 1016cm−3.53 The relatively
large Ge contamination of the Al0.3Ga0.7As alloy is an im-
portant clue for the attribution of extrinsic quantum emitters
to Ge-centers, which will be discussed in the following. The
large increase of the Ge content near the surface (first 50 nm,
see Fig. 1 b)) is likely due to segregation of Ge on the GaAs
surface during the growth and/or Ge out-diffusion towards the
surface.
III. NATURE OF THE DEFECTS AND ENSEMBLE
SPECTRA
FIG. 2. a), b) and c) Top panel shows a 1D scan over 100 µm (in
0.5µm steps) on samples GaAs 400◦C, GaAs 580◦C and Ge 580◦C.
The white dashed line highlights the spatial position of the spectrum
shown in the corresponding bottom panel. Bottom panels: typical PL
spectrum extracted from the 1D scan in the top panel.
Before addressing the optical properties of the extrinsic
quantum emitters in Al0.3Ga0.7As we unambiguously validate
their origin as due to Ge centers by comparing the emission
of purely III-V samples with that of those grown on silicon
and germanium. This is also done in order to exclude the
presence of Al-poor clusters in the AlxGa1−xAs matrix. In
fact, the presence of such Al-poor zones has been recently
proposed71,72 as possible explanation of bright and sharp PL
lines (emitting from ∼1.7 eV up to ∼2 eV) in AlxGa1−xAs
nanowires.67,68 Note that the excitonic emission from those
clusters71,72 falls in a similar spectral interval of the Ge-
defects emission investigated here (emitting from ∼1.8 eV up
to ∼1.87 eV).
In order to promote some alloy disorder, possibly producing
Al-poor nanoclusters within the Al0.3Ga0.7As layer, we grew
the two reference samples GaAs 400◦C and GaAs 580◦C. The
micro-PL spectra at low temperature (10 K) of the two test
samples are compared with the Al0.3Ga0.7As layer grown on
Ge substrate in Fig.2. 1D maps (energy vs space), with the
detected PL intensity represented as a false-color scale, are
shown for each of the three samples. The top panel of Fig.2
a),b) and c) displays the full scan (100 µm long) while the
bottom panel shows a typical spectrum collected in a single
point. In all the three samples we can identify the bound ex-
citon emission (Bex) and the usual band from shallow cen-
ters due to carbon-related residual contamination (DA-C).73,74
This latter band is usually present in AlGaAs layers grown
by molecular beam epitaxy.73–76 By comparing the BEx and
DA-C PL bands in the three spectra, we conclude that the Al
content is about 5% larger in the GaAs 400◦C sample with
respect to the 580◦C sample. At the same time the Al content
of the Ge 580◦C sample is slightly larger (of the order of 1%)
than the GaAs 580◦C sample. Apart from these unintentional
differences in the calibration of the AlxGa1−xAs alloy, we
note a relevant structuring of the DA-C band with sharp lines
spatially localised, together with an overall reduced emission
efficiency for the lower growth temperature and a broader ex-
tension of the DA-C band when compared with a similar sam-
ple grown at 650◦C (not shown).
Quite peculiar is the PL spectrum of the sample grown on
a Ge substrate where, besides the presence of the same PL
structures (DA-C band and BEx band), we observe two other
contributions at lower energy (see Fig. 2 c) and previously
reported data in references 67 and 68). These two new PL
contributions appear as a broad PL band at about ∼1.88 eV
together with, at lower energies, a tail extending till ∼1.80
eV where several sharp, isolated and bright lines organised in
multiplets are found. Due to the relevant Ge contamination
determined by the SIMS measurements reported in Fig.1 b),
the broad band at around ∼1.88 eV is ascribed to Ge-related
donor-acceptor recombination (it will be denoted as DA-Ge
band in the following).73–76 Similarly to the case of the DA-
C band, also the DA-Ge band may show sharp and spatially
localised lines. Finally and accordingly with the previous lit-
erature, the tail extending to lower energy is interpreted as
emission from deep donor-acceptor levels.47,77–79
In two recent papers, we showed that the sharp lines emis-
sions below the DA-Ge band show antibunching and biexciton
4recombination.67,68 The comparison with Ge free samples and
the data from SIMS measurements, demonstrate that the Al-
poor nanoclusters, leading to natural QDs in the AlxGa1−xAs
alloy (as observed in Ref 71 and 72), do not play a role in the
attribution of the sharp lines organised in localised multiplets
which are observed only in the sample grown on the Ge sub-
strate. This new findings lead us to conclude that the extrinsic
centers under investigation have to be ascribed to the presence
of Ge contamination in the Al0.3Ga0.7As layer.
We now focus the attention on the case of the sample grown
on a germanium substrate by performing extended 2D PL
maps at low excitation power. In Fig. 3 a) we highlight three
spectral intervals: I for Ge-impurities emission, II for the DA-
Ge and DA-C emission and zone III for the BEx emission. In
Fig.3 b) are displayed the results of a surface scan spectrally
integrated over the three intervals highlighted in Fig.3 a). We
observe a strong spatial localization of the emitted intensity
from the spectral interval I (Fig.3 b) left panel) in bright spots
which lateral extension in space reflects our instrumental res-
olution. For the zones II and III instead (Fig.3 b) central and
right panels respectively), a rather uniform intensity distribu-
tion is observed (see also the maps reported in the supplemen-
tary materials Supplementary Material 80 and 81). The dark
area in the top right part of the images is attributed to an ex-
tended defect of the crystal or to some impurity on the sample
surface.
The micro-PL mapping allows for a precise counting of the
emitting Ge-impurities within the investigated sample surface
(and sample thickness). Integrating over two maps of 50 ×
50 µm2 we find a surface density of spatially localised and
sharp peaks of about ∼ 2.5 × 10−2µm−2. By taking into
account the thickness of the Al0.3Ga0.7As layer, we evaluate
a concentration of ρPL ' 1011cm−3 which is by far smaller
than the concentration of Ge ions measured in SIMS ρGe ∼
1017 cm−3 (see Fig. 1 b)).
The low density of quantum emitters and their PL-spectra
with multiple lines is an indication of the complex nature
of these extrinsic centers. As for similar systems of extrin-
sic centers able to accommodate multiexcitonic states,51–55
we believe that a likely attribution of the defects responsi-
ble for the isolated emission below 1.87 eV can be the pres-
ence of binary systems or more generally, complex defects.
As an example, let us explicitly refer to the attribution of
N-dyads in AlAs as responsible of biexciton emission55 and
tentatively assume that our extrinsic centers were related to
pairs of Ge impurities. With this hypothesis and assuming a
stochastic model45,55 it is possible to compare the measured
density of emitting centers (ρPL) with that of pairs of Ge ions
(ρGe−Ge = ρ2GeV where V = d
3
Ge−Ge is the volume occu-
pied by a pair). We can roughly estimate the typical distance
between two ions dGe−Ge in the ∼0.1 nm range which well
compares with the lattice constant of the host semiconductor
matrix. This estimate strongly supports the idea of extrinsic
centers related to Ge-pair, even if different hypothesis cannot
be ruled out at the moment. Then in the following we will
refer to them as Ge-centers emission.
Finally, we remark that this hyper-spectral imaging
technique82 allows the detection of complex dopant
FIG. 3. a) Typical PL spectrum from the sample Ge 580 ◦C. The
shaded areas I, II and III highlight the spectral intervals used to rep-
resent the spectral map shown in b). b) 50 × 50µm2 spectral map
integrated on the three different spectral intervals I, II and III high-
lighted in a). The excitation power density was P0 = 5 × 102
W/cm2. Similar maps but with a sharper spectral filtering are shown
as an animated map in reference in the Supplementary Material 80
and 81. In the left panel I four spots (i, ii, iii, and iv) are high-
lighted and the corresponding extracted spectra are shown in c).
d) Top panel: integrated and normalised emission from Ge-centers.
Central panel: same as top panel but for Ge-centers-free areas (i.e.
“bulk” Al0.3Ga0.7As). Bottom panel: Isolated Ge-centers emission
obtained as intensity difference between the two spectra in top and
middle panels. The continuous red line is a Gaussian fit to the data.
impurities66 with an extremely high sensitivity (note that the
most accurate SIMS measurements can reach ∼ 1013cm−3).
Differently from conventional near-field microscopy tech-
niques for doping detection,46 we can gather additional
information about the energy of each defect within the energy
band-gap of the host material and thus, a posteriori, we can
re-build the full spectrum of the Ge-centers (see Fig. 3d)).
Combining the spectral information with the mapping over
large areas of the sample, a precise characterization of the en-
semble emission can be extracted despite the very low den-
sity of the Ge-centers. As a matter of fact standard macro-PL
5measurements do not allow to extract the spectral emission
band of these Ge centers.67 The basic idea is to sum up only
the micro-PL spectra arising from points containing the Ge-
centers emission. This means that within the two 50× 50 µm2
spectral maps, containing 2500 different points each, we oper-
ate a careful selection of 150 micro-PL spectra corresponding
to individual Ge-centers emission. In this way we can build
a posteriori a pseudo-macro-PL spectrum by summing them
and normalising the total spectrum to its maximum intensity.
The result of this operation is shown in the top panel (Sum
on Ge-centers spots) of Fig.3 d). The same procedure is ap-
plied to micro-PL spectra where no localised and sharp emis-
sion is present (Sum on Ge-centers-free areas), thus recover-
ing the “bulk”-like emission of Al0.3Ga0.7As. This is shown
in the central panels of Fig.3 d). Clearly the emission of the
sharp lines is perfectly rejected in these spectra where only
DA-Ge, DA-C and Bex are visible.
The large broadening of the PL band of the Ge-centers, may
reflect either random distribution of the ion-to-ion distance
dGe−Ge of the Ge-centers in the host material or the spec-
tral diffusion associated with stochastic variations of the elec-
tric field83–92 and/or alloy around the Ge-centers. The large
broadening is also in stark contrast with what found in other
systems like carbon62,63 and copper64,65 impurities in silicon
or nitrogen-pairs in AlAs or GaAs,50,55,93 featuring a well de-
fined emission energy reflecting a limited number of optically
active configurations for the impurities while it looks similar
to what was found in Te-dyads in ZnSe,50,93,94 Mn in ZnS,95
and carbon-antisite pairs in SiC66 where a relevant spread in
the emission energy is present. At the same time, this large
variation of excitonic recombination can be an advantage if a
tuning or a selection of peculiar emission properties is needed.
Note also that the emission of Ge-centers is related to the band
gap of the host alloy, and then, in principle, a control of the
emission energy could be obtained by tuning the Al content or
preliminary using different III-V alloys. This is important for
controlling the emission of these quantum sources to specific
targets8,9 or for coupling them to other optical devices (such
as optical fibers or resonators).
IV. MULTI-EXCITON EMISSION
As found for other complex defects93,94 the Ge-centers in
study support charged excitons and multi-exciton features.
We note that, considering a statistical analysis of ∼150 Ge-
centers, practically all of them (more than 90%) show these
features and we thus conclude that the Ge-centers in study
support all the energy states typical of s-shell recombina-
tion: up to two bound electrons and two holes (respectively
in conduction and valence band). A preliminary assignment
of neutral exciton, biexciton and charged exciton was previ-
ously done by power dependence and fine structure splitting
measurements.67,68 Here we complete the full picture of the
electronic states of the s-shell addressing both the positive
(X+) and negative (X−) charged exciton levels. At the same
time, we evaluate the capture volume and the carrier localiza-
tion through the analysis of the saturation power.96
FIG. 4. a) Series of PL spectra at different excitation power of an
individual Ge-impurity exhibiting X−, XX and X recombination. b)
Summary of the PL intensity as a function of the excitation power P
of the data reported in a). Symbols are the experimental data while
the lines represent Poissonian fit. c) Polarization map of an individ-
ual Ge-impurity exhibiting XX, X and X+ recombination. d) X, XX
and X+ normalized and energy- shifted emission at 10 K. The con-
tinuous lines are Gaussian fit to the data. e) Normalised spectra of
X+ emission at 10 K and 70 K. The zero-phonon-line (ZPL) and the
polaron emission are highlighted.
In Fig.4 a) we show typical PL spectra of an individual
Ge-center at different power density. The emission clearly
shows additional spectral components ascribed to biexcitons
and charged exciton complexes.68 The corresponding evolu-
tion of the PL intensities with power is displayed in Fig.4 b).
Here, according to a Poissonian model for the level occupa-
tion probability96 the three main PL lines follow slightly dif-
ferent filling dynamics (the fits shown in Fig.4 b) correspond
to IPL ∝ (αPβ)m exp(−(αPβ)m) where m = 1, 1.5, 2 cor-
responds respectively to one exciton (X), one exciton plus a
spectator charge (X±) and two excitons (XX); P is the ex-
citation power; α and β are fitting parameters describing the
capture mechanism and their corresponding values extracted
from the fit are directly reported on Fig.4 b)). The dependence
on the excitation power,96 the line broadening,86 and the rela-
tive spectral position97 leads us to the attribution of the lines
to X−, XX, and X. The X line reported in Fig. 4 b) shows a
saturation power of about Psat ' 0.6 mW while slightly dif-
ferent values (not shown) were observed for other Ge-centers
(from ∼0.05 up to ∼1 mW). This feature possibly reflects a
different capture efficiency due to the presence of extrinsic ef-
6fects related to disorder in the electrostatic environment of the
emitters.88,90–92,96,98
The saturation power of X (i.e. the value Psat for the max-
imum occupation probability) allows to estimate the capture
length of the Ge-centers.96 From the typical values of Psat
for X and taking into account the experimental conditions, we
estimate a capture length ranging from ∼ 30 nm up to ∼ 10
nm, similar or smaller of that found for GaAs/Al0.3Ga0.7As
epitaxial quantum dots96,99,100 investigated with the same ex-
perimental apparatus and with similar excitation conditions.
Clearcut attribution of the exciton-biexciton cascade and
charged exciton comes from fine structure splitting measure-
ments: an example of a different individual Ge-center show-
ing X+, XX, and X is reported in Fig.4 c). The X and XX lines
shifts symmetrically when changing the detected polarization
angle, while the X+ does not shift.37,43,86,96
Let us now consider the line broadening of the different re-
combination lines as an additional key for attributing the exci-
tonic complexes (see Fig.4 d). From a statistical point of view
we observe a wide spread of values of the linewidth ranging
from few tens up to few hundreds of µeV, still the order from
the sharper to the broader lines among the different excitonic
complexes does not vary: σX− ∼ σX > σX+ > σXX (for
the sake of thoroughness we note that X− featuring larger or
smaller broadening with respect to the corresponding X can
be found). The gaussian broadening of the low temperature
PL emission of individual excitonic transitions is commonly
ascribed to spectral diffusion and83–92 a hierarchical broaden-
ing (showing σX− ∼ σX > σX+ ∼ σXX ) has been already
found in epitaxial quantum dots86,87,101,102 and impurities.72
This behaviour can be explained in terms of a selective quan-
tum confined Stark effect induced by the presence of charged
defects in the semiconductor matrix.86,87 The relative position
of the charged trap results in a different Stark shift amplitude
(and eventually sign) for each excitonic complex. On one side,
the analogy with QDs is expected for any strongly confining
potential able to localize the electrons and holes at the nm
scale, as in the case of the Ge-centers in study. On the other
side, we did use this analogy with QDs in order to attribute the
emission lines to different excitonic complexes. In this respect
the hierarchical broadening is a confirmation of the soundness
of our attribution.
In view of possible integration in optoelectronic devices it is
also needed to increase the operation temperature of the quan-
tum sources as much as possible. Indeed we were able to
follow the emission of the Ge-centers up to 70 K. Following
the temperature-induced red-shift of any excitonic recombina-
tion we observe an initial linear decrease in energy and then
a steeper quadratic decrease (as reasonably expected for elec-
tronic transitions in semiconducting materials according to the
Varshni empirical law of AlGaAs alloy).103,104 While at low
temperature only a sharp line is visible, with a spectral broad-
ening limited by our low resolution (in these data) at higher
temperature we assist to a slight broadening of the central
sharp line together with the onset of a broad pedestal.84,105–109
These features can be interpreted in terms of electron-acoustic
phonon interaction: in analogy with epitaxial quantum dots,
we assign the sharp component of the single Ge-impurities
emission to the exciton zero phonon line (ZPL in Fig. 4e)
while the sidebands to a superposition of acoustic phonon
replicas. The still sharp emission at T = 70 K and the limited
thermal quenching of the PL (quite similar to what observed
in GaAs QDs) lead us to state the possibility to use the Ge-
centers as quantum emitters at liquid nitrogen temperature.
V. BINDING ENERGY OF XX, X+ AND X−
We now address the issue of the Coulombic interactions be-
tween electrons and holes trapped by Ge-impurities which are
responsible for the lifted degeneracy of the neutral exciton
state as well as for the energy re-normalization of the elec-
tronic states within individual impurity centers.
Due to asymmetries in the confinement potential and local
strain accumulation the two spin states of the bright neutral
exciton are split by the so called fine structure splitting (FSS)
associated to the exchange interaction;26,35–37,43,55,110 for the
Ge-centers in study, it has been shown that the FSS is in the
∼100 µeV range (see Fig.4 c)).68
The so called exciton binding energy is simply defined as
the energy shift with respect to the corresponding neutral ex-
citon line (BEXX = EX − EXX ). Similarly, one can define
the charged exciton binding energy asBEX± = EX−EX± ).
The binding energy arises form the complicate interplay of di-
rect Coulombic interactions, exchange and correlation typical
of each excitonic species.37,42,44,93,97,111–115
Generally speaking three scenarios can occur, the binding
energy is positive, zero or negative. In the case of the biex-
citon complex these cases are represented in Fig. 5 a) also
including the presence of FSS (not in scale). In the left panel
of Fig. 5 a) is displayed the situation of a XX having positive
binding energy BEXX > 0. In this condition (if FSS 6=0)
the emitted photons in the biexciton cascade are discernible
in energy and polarization. If instead the FSS vanishes, the
XX and X photons are polarization-entangled.4,15,20,25–28,34,38
In the central panel of Fig. 5 a) is shown a XX with a zero
binding energy BEXX = 0 where the emission energy of H-
(V)polarised XX photons matches that of the V-(H) polarised
X photon. The two photons are not distinguishable in energy
and thus polarization entanglement can be recovered with a
time-reordering scheme.39,40 Finally, in the right panel, it is
shown the case of negative binding energy (BEXX < 0);
here the same considerations made for the left panel apply.
Therefore, in view of realising a quantum source of entangled
photons pairs, the condition can be FSS = 0 or BEXX = 0.
Let us know consider the experimental data for the binding
energies of excitonic complex localised at the Ge-centers. As
most of these transitions were mainly attributed on the base of
the power dependence it is usually easy to have a clear attribu-
tion of X and XX while the X+ and X− attributions are some-
times less certain. Disregarding the ambiguous cases leads to
a lower statistic for X+ and X−. Summary of the data with
excitonic recombination ranging from ∼1.81 eV to ∼1.86 eV
is given in Fig. 5 a). Pronounced features emerging from this
analysis are summarized as follows:
-the binding energy of X+ shows a decreasing trend when in-
7FIG. 5. a) Scheme of X and XX energy levels for three different
binding energy of XX; from left to right: positive, zero, and negative.
V and H highlight the linear polarization of the emitted photons. b)
Binding energy of X−, X+ and XX. Dotted lines are guides to the
eyes.
creasing X emission energy, from∼+1 meV to∼-5 meV, with
a transition from binding to anti-binding.
-The XX state shows a binding energy of about ∼+4 meV at
low energy and abruptly evolves toward negative values above
1.855 eV reaching the negative value of about ∼-6 meV with
a steep trend.
-The binding energy of X− is always positive, thus X− forms
a bound state. Its evolution with the 3D confinement is quite
constant even if the number of points is quite small due to the
problematic attribution of this line.
Comparing these results with calculations and experi-
mental data for quantum dots or monolayer fluctuation of
quantum wells97,112–116 we can see a remarkable agreement
with the behaviour predicted and measured for a truly 3D
confinement97,112 (i.e. a small quantum dot without a wetting
layer). XX and X+ show a steep reduction in the binding en-
ergy and eventually a change of its sign. This is interpreted as
a consequence of the dominant exciton mean-field interaction
present in a spherical confining well, reflecting a strong car-
rier localization in all the spatial directions. Nevertheless, as a
consequence of the larger effective mass of holes with respect
to electrons, the same mean field would serve as a repulsive
force for a hole and an attractive one for electrons thus leading
to an opposite trend and sign for X+ and X− binding energies.
These findings are in contrast with common epitaxial quan-
tum dots with a weaker lateral confinement originated by a
2D wetting layer: in these cases a linear dependence of the
XX and X+ binding energy as a function of the X emission
is usually found together with a dominantly binding-nature of
the XX state.42,44,97,115,116
We conclude that a strong carrier localization is present for
high energy Ge-centers, while the positive values of the bind-
ing energy found at lower X emission energy suggests a re-
covered dominant effect of the correlation term. Most im-
portantly, a XX state emitting at energies close to that of the
corresponding X state can be achieved, thus allowing for an
easier implementation of a time reordering scheme for entan-
gled photons39,40 eventually with the help of a (small) external
field for the fine tuning.25,28,34
VI. CONCLUSIONS
In conclusion we have shown that the single photon emit-
ters recently reported67,68 are related to Ge-centers and come
from unintentional contamination of the III-V layers grown
on germanium substrates. These centers provide a valuable
alternative to epitaxial quantum dots for the implementation
of different carrier states such as X, XX, X+ and X− and, in
analogy with similar impurities, could be in principle imple-
mented through ionic implantation.60,62–66 Due to the strong
carrier confinement the Ge-centers feature similar properties
to the epitaxial quantum dot counterpart, present a line broad-
ening dominated by a quantum-confined Stark effect at low
temperature and a phonon-coupling at higher temperatures.
The optical properties of the excitonic recombination from
Ge-centers are quite good: linewidth as sharp as 40 µeV can
be found at high excitation power densities and low tempera-
ture, the emission is still bright at 70 K, confirming the good
thermal stability of this class of emitters. The electronic states
populating the s-shell well agree with what found for a fully
3D confining potential in quantum dots and thus enable the
implementation of quasi degenerate X and XX states.
Our findings suggest the use of the PL emission of Ge ex-
trinsic centers in Al0.3Ga0.7As as a versatile platform for ob-
taining single photons on a large spectral range and entangled
photons based on the time reordering scheme,39,40 for spin-
photon turn-stile devices and for slow-light when coupled
with atomic vapours.8,9 We stress that, differently from most
III-V compounds where Stranski-Krastanov quantum dots are
obtained, the emission of these Ge-centers well matches the
highest detection efficiency of Si-based single photon detec-
tors ensuring a high fidelity in the detection and not only in the
preparation of the quantum state of the system.14 Last but not
least, these results have been obtained on silicon and germa-
nium substrates opening up new avenues for the exploitation
of quantum emitters within a device-friendly platform.
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